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The glass-forming ability, thermal stability, crystallized structure, and magnetic properties have
been investigated for an Fe66.5Co10Pr3.5B20 glassy alloy with a large supercooled liquid region of 43
K before crystallization and a high reduced glass transition temperature of 0.56. The glassy phase
is formed in a rod form with a diameter of 0.5 mm by copper mold casting. The crystallized
nanocomposite structure consists of Fe3B, a-Fe and Pr2Fe14B phases, and the remanence (Br),
coercivity ( iHc), and maximum energy product (BH)max are 1.23 T, 225 kA/m, and 95.9 kJ/m3,
respectively, for the cast rod annealed at 863 K for 600 s. The present study shows the possibility
of producing bulk Pr2Fe14B/(Fe3B,a-Fe) nanocomposite permanent magnets by the simple process
of copper mold casting and heat treatment. © 2002 American Institute of Physics.
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In the Nd2Fe14B or Pr2Fe14B-type nanocomposite
permanent magnets, two types of composites,
Nd2Fe14B(Pr2Fe14B)/Fe3B and Nd2Fe14B(Pr2Fe14B)/a-Fe
have been widely studied.1–8 These composite materials con-
sist of exchange-coupled nanoscale hard and soft magnetic
phases. The methods for preparing the permanent magnet
materials include melt spinning or mechanical alloying. Gen-
erally, the melt-spun ribbons consisting mainly of an amor-
phous phase are crystallized to obtain optimal hard magnetic
properties. However, the conventional Fe–Nd~Pr!–B alloys
do not have a high glass-forming ability ~GFA! which is
enough to obtain nanocomposite permanent magnets in a
bulk form.
Glassy alloys with a large supercooled liquid region DTx
(5Tx2Tg) defined by the difference between the glass tran-
sition temperature (Tg) and the crystallization temperature
(Tx) and/or high reduced glass transition temperature Tg /T1
~T1 : liquidus temperature! have a high resistance against
crystallization, leading to high GFA.9,10 In addition, the large
deformation and easy working due to its low viscosity and
ideal Newtonian flow have been reported to be obtained in
the supercooled liquid region.11 More recently, we have
searched for a new glassy alloy in the ~Fe,Co!–
~Nd,Pr,Dy!–B system where a large DTx exceeding 40 K
and high Tg /T1 above 0.56 are obtained.12–15 The large DTx
and high Tg /T1 indicate that a high GFA may be obtained in
this alloy system. Furthermore, good hard magnetic proper-
ties are also obtained after heat treatment of the glassy al-
loys, when a nanocomposite structure, consisting of hard
magnetic Nd2Fe14B (Pr2Fe14B) and soft magnetic Fe3B and
a-Fe phases, is obtained.12–15 Therefore, a nanocomposite
permanent magnet in a bulk form is expected to be obtained
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article presents the results of a study of the glass-forming
ability, the thermal stability of the supercooled liquid, the
crystallized structure, and the magnetic properties for a
glassy Fe66.5Co10Pr3.5B20 alloy prepared by copper mold
casting.
II. EXPERIMENTAL PROCEDURES
The alloy ingot was prepared by arc melting a mixture of
the pure constituent metals and boron in an argon atmo-
sphere. The ingot was crushed into small pieces to fit into a
quartz crucible for copper mold casting. The nozzle of the
crucible was about 0.5 mm in diameter. Bulk rod samples,
with a length of about 10 mm and a diameter of 0.5 or 1.0
mm, were produced by injection casting of the molten alloy
into copper molds in an argon atmosphere. The injection
pressure was about 200 kPa higher than the chamber pres-
sure. These rods were sealed in a quartz tube evacuated
down to 431023 Pa and then isothermally annealed at 863
K for 600 s. The structure of the rod samples was examined
by x-ray diffraction ~Cu Ka!, using powder obtained by
crushing the rods. The thermal stability was investigated un-
der an Ar atmosphere at a heating rate of 0.67 K/s by differ-
ential scanning calorimetry ~DSC!. Magnetic properties were
measured with a vibrating sample magnetometer with a
maximum applied magnetic field of 1274 kA/m. The density
of the cast Fe66.5Co10Pr3.5B20 alloy rod was determined as
7.56 Mg/m3 by the Archimedean method using toluene.
III. RESULTS AND DISCUSSION
Figure 1 shows the outer surface appearance of the bulk
Fe66.5Co10Pr3.5B20 alloy rods with a diameter of 0.5 mm pre-
pared by copper mold casting. The rod samples exhibited
good metallic luster and no appreciable concaving due to a
crystalline phase was observed. We also confirmed the ab-
sence of a crystalline phase in the optical micrographs taken4 © 2002 American Institute of Physics
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0.5 mm rod samples. Figure 2 shows the x-ray diffraction
pattern for the cast Fe66.5Co10Pr3.5B20 alloy rod with a diam-
eter of 0.5 mm, together with that of the melt-spun glassy
ribbon. The diffraction patterns consist only of one broad
peak and no diffraction peak corresponding to a crystalline
phase is seen, indicating that a glassy single phase was
formed. Increasing the rod diameter to 1.0 mm resulted in
the formation of crystalline phases. It is therefore concluded
that the critical rod diameter for formation of the glassy
phase lies between 0.5 and 1.0 mm. Figure 3 shows the DSC
curves for a glassy Fe66.5Co10Pr3.5B20 alloy rod with a diam-
eter of 0.5 mm, together with that for the melt-spun glassy
ribbon. A glass transition of Tg and a supercooled liquid
region (DTx) are seen prior to crystallization. The results of
Tg , Tx , DTx and of the heat of crystallization (DHc) are
802, 843, 41 K and 5.34 kJ/mol, respectively, for the rod
sample and 799, 842, 43 K and 5.61 kJ/mol, respectively, for
the ribbon sample. Thus, no appreciable differences in Tg ,
Tx , DTx and DHc were seen between these samples, consis-
tent with the observations of x-ray diffraction.
The higher GFA for the present ~Fe,Co!–Pr–B alloy than
that of the ~Fe,Co!–B alloys16 is concluded to originate from
the higher thermal stability of the supercooled liquid against
crystallization. The reason for the larger DTx and Tg /T1 for
the Fe66.5Co10Pr3.5B20 glassy alloy is discussed in the frame-
FIG. 1. Form and surface appearance of cast Fe66.5Co10Pr3.5B20 rods with a
diameter of 0.5 mm.
FIG. 2. X-ray diffraction pattern for a cast Fe66.5Co10Pr3.5B20 alloy rod with
a diameter of 0.5 mm. The data for the melt-spun ribbon are also shown for
comparison.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject towork of the three empirical rules9,10 for the achievement of
high GFA. The three empirical rules are ~1! multi component
consisting of more than three elements, ~2! significant atomic
size mismatches among the main constituent elements, and
~3! suitable negative heats of mixing their elements. It was
observed that the addition of 2–5 at. % Pr to the Fe70Co10B20
amorphous alloy is very effective in promoting the appear-
ance of the supercooled liquid region before crystallization.15
The increase in the thermal stability of the supercooled liquid
against crystallization is explained by the concept that the
FIG. 4. Hysteresis loops of the cast Fe66.5Co10Pr3.5B20 glassy rod with a
diameter of 0.5 mm. The data of the melt-spun glassy ribbon are also shown
for comparison. ~a! As-cast state, ~b! annealed for 600 s at 863 K.
FIG. 3. DSC curves for a cast Fe66.5Co10Pr3.5B20 glassy rod with a diameter
of 0.5 mm. The data for the melt-spun ribbon are also shown for compari-
son. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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achievement of high glass-forming ability.9,10 That is, the
addition of Pr results in a significant change in the range of
atomic sizes (Pr@Co.Fe@B), as well as the generation of
new atomic pairs ~Pr–Co, Pr–Fe, Pr–B! with relatively ex-
pected negative heats of mixing. In the supercooled liquid,
the topological and chemical short-range orderings are en-
hanced, leading to the formation of a highly dense random
packed structure with higher thermal stability of the super-
cooled liquid against crystallization.
The B-H hysteresis loop for the as-cast glassy
Fe66.5Co10Pr3.5B20 rod with a diameter of 0.5 mm is shown in
Fig. 4~a!, in which the result for the melt-spun glassy ribbon
is also shown for comparison. The soft magnetic character is
clear for both the samples, and no distinct difference between
the loops is apparent. A hysteresis loop for the cast
Fe66.5Co10Pr3.5B20 glassy rod annealed for 600 s at 863 K is
shown in Fig. 4~b!, the result for the melt-spun glassy ribbon
subjected to the same annealing treatment is also shown, for
comparison. The loops for the two samples are similar and
indicate good hard magnetic properties. The Br , reduced re-
manence (M r /M s), iHc and (BH)max are 1.23 T, 0.82, 225
kA/m, and 95.9 kJ/m3, respectively, for the rod sample, and
1.28 T, 0.85, 223 kA/m, and 103 kJ/m3, respectively, for the
ribbon sample. These materials are magnetically isotropic.
The x-ray diffraction pattern for the 0.5-mm-diam cast
Fe66.5Co10Pr3.5B20 rod, annealed for 600 s at 863 K, is shown
in Fig. 5, in which the pattern for the melt-spun glassy ribbon
FIG. 5. XRD pattern for the cast Fe66.5Co10Pr3.5B20 glassy rod with a diam-
eter of 0.5 mm annealed for 600 s at 863 K. The data for the melt-spun
glassy ribbon subjected to the same annealing treatment are also shown for
comparison.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject tois also shown for comparison. The diffraction peaks are iden-
tified as Fe3B, a-Fe, and Pr2Fe14B phases for both the
samples. The diffraction peaks are relatively broad, indicat-
ing that the annealed samples consist of nanometer-sized
crystallites. In addition, the Pr2Fe14B/(a-Fe,Fe3B) nano-
composite structure was also confirmed by transmission elec-
tron microscopy for the ribbon sample.15 Although these
samples consist of the three magnetic phases, smooth hyster-
esis loops, typical of a single phase system, are seen together
with high remanence values. The higher reduced remanence
(M r /M s.0.8) and reversible demagnetization curves in the
isotropic alloy are characteristic of exchange-coupled-type
magnets.17
IV. CONCLUSIONS
Bulk glassy Fe66.5Co10Pr3.5B20 alloy was produced with
a diameter of 0.5 mm by copper mold casting. A
Pr2Fe14B/(a-Fe,Fe3B) nanocomposite structure was ob-
tained by crystallization of the bulk glassy alloy. The Br ,
M r /M s , iHc and (BH)max are 1.23 T, 0.82, 225 kA/m, and
95.9 kJ/m3, respectively, for the bulk glassy
Fe66.5Co10Pr3.5B20 alloy annealed at 863 K for 600 s. The
bulk Pr2Fe14B/(a-Fe,Fe3B) nanocomposite alloy sample
produced in the form of a 0.5 mm diameter rod, the simple
process of copper mold casting, and then heat treatment, is
attractive for possible applications in miniature permanent
magnet.
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